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SWITCHING ELEMENT RELYING ON 
NANOGAP ELECTRODES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a US. National Stage Application of 
International application No. PCT/JP2006/318993, ?led Sep. 
25, 2006 and published in Japanese as WO 2007/037210 Al 
on Apr. 5, 2007. This application claims the bene?t of Japa 
nese Application Nos. 2005-280633, ?led Sep. 27, 2005 and 
2006-189380, ?led Jul. 10, 2006. The disclosures of the 
above applications are incorporated herein by reference. 

TECHNICAL FIELD 

The present invention relates to a switching element using 
nanogap metal electrodes. 

BACKGROUND ART 

A further reduction in size of electric elements has been 
desired along with a reduction in size and an increase in 
density of devices. A nanostructure represented by functional 
organic molecules and nanoparticles has been extensively 
studied. It is considered to be effective to utilize the properties 
of the nanostructure for electric elements in order to reduce 
the size of the elements. Therefore, extensive studies on the 
nanostructure have been conducted by research institutes, 
companies, and the like. For example, an element has 
attracted attention which utilizes two electrodes separated by 
a minute gap (such a pair of electrodes may be hereinafter 
referred to as “nanogap electrodes”) and the gap is ?lled with 
functional organic molecules. For example, Science, 289 
(2000) 1 172 to 1 175 discloses an element catenane molecules 
are disposed in the gap between nanogap electrodes formed 
using platinum. This document describes that the catenane 
molecules undergo an oxidation-reduction reaction by apply 
ing a voltage between the electrodes to enable a switching 
operation. 
As the nanogap electrodes, an element in which the gap is 

?lled with nanoparticles has also attracted attention. For 
example, Nature, 433 (2005) 47 to 50 discloses an element in 
which nanogap electrodes are formed using silver sul?de and 
platinum and silver particles are disposed in the gap between 
the electrodes. According to this document, when a voltage is 
applied between the electrodes, the silver particles expand or 
contract due to an electrochemical reaction so that the elec 
trodes canbe connected or disconnected to enable a switching 
operation. 

The above-mentioned switching elements require that spe 
cial synthetic molecules or a complicated metal complex is 
disposed between the nanogap electrodes. Since these 
switching elements have a mechanism which utilizes an 
intramolecular chemical reaction or a reaction between dif 
ferent atoms, these switching elements have dependence on 
the direction of the applied voltage. This limits utilization of 
these switching elements. Moreover, since a chemical reac 
tion is utilized for a switching operation, the element tends to 
deteriorate. 
When forming the above-mentioned switching elements, it 

is difficult to suf?ciently reduce the gap between the nanogap 
electrodes. JP-A-2005-79335 discloses a method of produc 
ing nano gap electrodes in which the gap between the nanogap 
electrodes is reduced, for example. 
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2 
DISCLOSURE OF THE INVENTION 

An object of the invention is to provide a nonvolatile 
switching element which has a very simple structure and can 
perform stable and repeated switching operations. 
A switching element according to the invention comprises: 
an insulating substrate; 
a ?rst electrode provided on the insulating substrate; 
a second electrode provided on the insulating substrate; 

and 
an interelectrode gap provided between the ?rst electrode 

and the second electrode, a distance G between the ?rst elec 
trode and the second electrode being 0 nm<G§50 nm. 

This con?guration makes it possible to provide a nonvola 
tile switching element which has a very simple structure and 
can stably and repeatedly perform switching operations. 

In the invention, the distance G refers to the shortest dis 
tance between the ?rst electrode and the second electrode in 
the interelectrode gap. 

In the switching element according to the invention, the 
distance G between the ?rst electrode and the second elec 
trode may be 0.1 nm§G§20 nm. 
The switching element according to the invention may 

further comprise a sealing member which includes at least the 
interelectrode gap. 

In the switching element according to the invention, a 
pressure inside the sealing member may be 2><105 Pa or less. 

In the switching element according to the invention, a 
material for the ?rst electrode may be at least one material 
selected from gold, silver, platinum, palladium, nickel, alu 
minum, cobalt, chromium, rhodium, copper, tungsten, tanta 
lum, carbon, and alloys thereof. 

In the switching element according to the invention, a 
material for the second electrode may be at least one material 
selected from gold, silver, platinum, palladium, nickel, alu 
minum, cobalt, chromium, rhodium, copper, tungsten, tanta 
lum, carbon, and alloys thereof. 

In the switching element according to the invention, at least 
one of the ?rst electrode and the second electrode may have a 
multilayer structure. 

In the switching element according to the invention, a 
resistance between the ?rst electrode and the second elec 
trode may be 1 kilohm to 1 megaohm when the switching 
element is turned ON, and may be 1 megaohm to 100 terao 
hms when the switching element is turned OFF. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional view schematically showing the 
main portion of a switching element 100 according to one 
embodiment of the invention. 

FIG. 2 is an enlarged cross-sectional view schematically 
showing the main portion of a switching element 100 accord 
ing to one embodiment of the invention. 

FIG. 3 is a plan view schematically showing a switching 
element 100 according to one embodiment of the invention. 

FIG. 4 is a schematic view showing a switching device 
1000 formed by providing a sealing member over a switching 
element 100 according to one embodiment of the invention. 

FIG. 5 is a cross-sectional view schematically showing a 
?rst deposition step in a production process of a switching 
element 100 according to one embodiment of the invention. 

FIG. 6 is a circuit diagram schematically showing a circuit 
used in an electric ?eld separation step in a production pro 
cess of a switching element 100 according to one embodi 
ment of the invention. 
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FIG. 7 is a graph schematically showing an example of a 
current-voltage curve of a switching element including nan 
ogap electrodes. 

FIG. 8 is a graph schematically showing an example of a 
voltage sequence of a switching element including nanogap 
electrodes. 

FIGS. 9A and 9B show a scanning electron microscopy 
result for an interelectrode gap 40 of a switching element 100 
according to one embodiment of the invention, where FIG. 
9A is a photograph and FIG. 9B is a simpli?ed illustration. 

FIG. 10 is a circuit diagram schematically showing an 
operation veri?cation/resistance measurement circuit for a 
switching element 100 according to one embodiment of the 
invention. 

FIG. 11 is a graph showing current/voltage characteristic 
measurement results for a switching element 100 according 
to one embodiment of the invention. 

FIG. 12 is a graph schematically showing a repeated 
switching operation voltage sequence for a switching element 
100 according to one embodiment of the invention. 

FIG. 13 is a graph showing the resistance of a switching 
element 100 according to one embodiment of the invention 
during repeated switching operations. 

FIG. 14 is a graph showing the resistance of a switching 
element 100 according to one embodiment of the invention in 
the OFF state with respect to the voltage of an OFF pulse. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

Examples of preferred embodiments of the invention are 
described below with reference to the drawings. 

1. Switching Element 

FIG. 1 is a cross-sectional view schematically showing the 
main portion of a switching element 100 according to one 
embodiment of the invention. FIG. 2 is an enlarged cross 
sectional view schematically showing the main portion of the 
switching element 100. FIG. 3 is a plan view schematically 
showing the main portion of the switching element 100 
according to this embodiment. FIG. 4 is a schematic view 
showing an example in which a sealing member is provided 
over the switching element 100 to form a switching device 
1000. 
The switching element 100 according to this embodiment 

includes an insulating substrate 10, a ?rst electrode 20 pro 
vided on the insulating substrate 10, a second electrode 30 
provided on the insulating substrate 10, and an interelectrode 
gap 40 provided between the ?rst electrode 20 and the second 
electrode 30, wherein a distance G between the ?rst electrode 
20 and the second electrode 30 is 0 nm<G§50 nm. 

The insulating substrate 10 has a function of a support 
which allows the two electrodes 20 and 30 of the switching 
element 100 to be provided at an interval. The structure and 
the material for the insulating substrate 1 0 are not particularly 
limited insofar as the insulating substrate 10 exhibits insulat 
ing properties. For example, the surface of the insulating 
substrate 10 may be ?at, or may have elevations or depres 
sions. For example, a substrate produced by forming an oxide 
?lm or the like on the surface of a semiconductor substrate 
(e. g., Si substrate) may be used as the insulating substrate 10. 
The insulating substrate 10 may be an insulating substrate on 
which an oxide ?lm or the like is not formed. As the material 
for the insulating substrate 10, glass, an oxide such as silicon 
oxide (SiOZ), or a nitride such as silicon nitride (Si3N4) is 
suitably used. In particular, silicon oxide (SiOZ) is preferable 
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4 
as the material for the insulating substrate 10 from the view 
point of adhesion to the electrodes 20 and 30 described later 
and an increased degree of freedom relating to production. 
The ?rst electrode 20 is provided on the insulating sub 

strate 10. The ?rst electrode 20 is one electrode of the switch 
ing element 100, and makes a pair with the second electrode 
30 described later to enable a switching operation. The shape 
of the ?rst electrode 20 is arbitrary. It is desirable that at least 
a lateral dimension (width) W1 (see FIG. 3) of a portion of the 
?rst electrode 20 which faces the second electrode 30 be in the 
range of 5 nméWl. A thickness T1 of the ?rst electrode 20 
(see FIGS. 1 and 2) is arbitrary. It is desirable that the thick 
ness T1 be in the range of 5 nméTl in a state in which the 
second electrode 30 is formed. FIGS. 1 and 2 illustrate an 
example in which the ?rst electrode 20 includes a ?rst elec 
trode lower portion 22 and a ?rst electrode upper portion 24 
for convenience of description relating to production steps 
described later. It is preferable that the material for the ?rst 
electrode 20 be at least one material selected from gold, silver, 
platinum, palladium, nickel, aluminum, cobalt, chromium, 
rhodium, copper, tungsten, tantalum, carbon, and alloys 
thereof. Different metals may be used in layers in order to 
increase adhesion to the insulating substrate 10. For example, 
the ?rst electrode 20 may have a stacked structure of chro 
mium and gold. 
The second electrode 30 is provided on the insulating sub 

strate 10. The second electrode 30 is the other electrode of the 
switching element 100, and makes a pair with the ?rst elec 
trode 20 to enable a switching operation. The shape of the 
second electrode 30 is arbitrary. It is desirable that at least a 
lateral dimension (width) W2 (see FIG. 3) of a portion of the 
second electrode 30 which faces the ?rst electrode 20 be in the 
range of 5 nm§W2§W1 A thickness T2 of the second elec 
trode 30 is arbitrary. It is desirable that the thickness T2 be in 
the range of 5 nm§T2§T1 from the viewpoint of the strength 
of the electrode and the peel strength from the support. It is 
preferable that the material for the second electrode 30 be 
selected from gold, silver, platinum, palladium, nickel, alu 
minum, cobalt, chromium, rhodium, copper, tungsten, tanta 
lum, carbon, and alloys thereof. Different metals may be used 
in layers in order to increase adhesion to the insulating sub 
strate 10. For example, the second electrode 30 may have a 
stacked structure of chromium and gold. 
The interelectrode gap 40 is provided so that the distance G 

between the ?rst electrode 20 and the second electrode 30 is 
0 nm<G§50 nm (e.g., 0.l§nm§G 20 nm) (see FIG. 2). The 
distance G is more preferably 0.1 nméGélO nm. The inter 
electrode gap 40 has a function of causing a switching phe 
nomenon of the switching element 100. The closest interelec 
trode portion may be formed at one or more locations in a 
region in which the ?rst electrode 20 faces the second elec 
trode 30. If the distance G exceeds 50 nm, an electric ?eld for 
the movement of metal elements becomes insuf?cient, and 
therefore the switching element 100 may not be operated. If 
the distance G is 0 nm, the ?rst electrode 20 and the second 
electrode 30 are short-circuited. The lower limit may be 
referred to as the minimum distance at which a tunneling 
current may occur, although determination based on micros 
copy measurement is dif?cult. Speci?cally, the lower limit is 
a theoretical value of the distance at which current-voltage 
characteristics do not follow Ohm’s law when the element 
operates and a quantum-mechanical tunneling effect is 
observed. 
A sealing member 50 may be provided to include at least 

the interelectrode gap 40. It is desirable that the sealing mem 
ber 50 enclose the entire element including the insulating 
substrate 10. The sealing member 50 has a function of pre 
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venting the interelectrode gap 40 from contacting the atmo 
sphere. The shape of and the material for the sealing member 
50 are arbitrary insofar as the sealing member 50 has the 
above function. The sealing member 50 allows the switching 
element 100 to operate more stably. As the material for the 
sealing member 50, a known semiconductor sealing material 
may be used. A gas barrier layer or the like formed of a known 
substance may be provided, if necessary. When the entire 
nanogap electrodes are placed in an appropriate vacuum 
chamber andused as a switching element, the sealing member 
50 may be omitted. 

The inside of the sealing member 50 may be under reduced 
pressure, or may be ?lled with various substances. The pres 
sure inside the sealing member 50 may be set at 2><105 Pa or 
less. More preferably, a pressure P inside the sealing member 
50 or inside a vacuum chamber in which the nanogap elec 
trodes are placed is set at 10—9 Pa<P<2><105 Pa. The inside of 
the sealing member 50 may be ?lled with an inert gas such as 
dry air, nitrogen, or rare gas or an electrically inert organic 
solvent such as toluene. 

2. Method of Producing Switching Element 

A method of producing the switching element 100 may 
include the following steps. 

Speci?cally, the method of producing the switching ele 
ment 100 includes (1) a step of providing the insulating sub 
strate 10, (2) a ?rst resist pattern formation step, (3) a ?rst 
deposition step, (4) a ?rst lift-off step, (5) a second resist 
pattern formation step, (6) a second deposition step, (7) a 
second lift-off step, (8) an electric ?eld separation step, and 
(9) a sealing step. The following description is given taking an 
example in which the ?rst electrode 20 includes the ?rst 
electrode lower portion 22 and the ?rst electrode upper por 
tion 24 for convenience of description relating to the produc 
tion steps. The reference numerals are provided in the same 
manner as in FIG. 1. 

These steps are disclosed in JP-A-2005-79335. The nan 
ogap electrodes may also be produced using a method dis 
closed in JP-A-2004-259748 or JP-A-2005-175164. In this 
embodiment, the switching element 100 is produced in accor 
dance with the method disclosed in JP-A-2005-79335. The 
steps are described below with reference to FIGS. 1 to 6. FIG. 
5 is a schematic view illustrative of the ?rst deposition step. 
FIG. 6 is a schematic view showing a circuit formed in the 
electric ?eld separation step. 

(1) Step of Providing Insulating Substrate 10 
As the insulating substrate 10, a commercially-available 

glass substrate, an Si substrate provided with an oxide ?lm, or 
another substrate having an insulating surface may be used. 
When using a conductive substrate such as an Si substrate, a 
desired insulating ?lm may be formed on the surface of the 
conductive substrate using a known method such as a heat 
treatment, an oxidation treatment, deposition, or sputtering, 
and the resulting substrate may be used as the insulating 
substrate 10. 

(2) First Resist Pattern Formation Step 
A resist pattern 60 for forming the ?rst electrode lower 

portion 22 is formed on the insulating substrate 10 using a 
known method such as photolithography. The thickness of the 
resist pattern 60 is arbitrary insofar as the function of the resist 
pattern 60 is not impaired. For example, the thickness of the 
resist pattern 60 may be set at 1 micrometer. 

(3) First Deposition Step 
The ?rst electrode lower portion 22 is formed by the ?rst 

deposition step. This step may be carried out using a known 
deposition device. The insulating substrate 10 is disposed so 
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6 
that the deposition target surface is inclined when viewed 
from a deposition source. As shown in FIG. 5, when the angle 
formed by the deposition target surface and a travel direction 
of particles evaporated from the deposition source is referred 
to as 61, the insulating substrate 10 is disposed so that 
0°<61<90o is satis?ed (this deposition method is hereinafter 
referred to as “oblique deposition”). As a result, the ?rst 
electrode lower portion 22 is formed in such a shape that the 
end face inclines, as shown in FIG. 5. The angle formed by the 
inclination of the end face of the ?rst electrode lower portion 
22 and the surface of the substrate 10 is referred to as 61'. The 
angle 61' may be changed by adjusting the shape of the resist 
pattern 60, the metal deposition properties of the surface of 
the substrate 10, the angle 61, and the like. The elements can 
be formed with high reproducibility when the conditions are 
identical. Therefore, the angle 61' can be determined by mea 
suring the deposition results under identical conditions. 

It is preferable to increase the distance between the depo 
sition source and the deposition target surface during depo 
sition since the parallelism of the deposition line increases. 
The distance between the deposition source and the deposi 
tion target surface varies depending on the deposition device 
used. Deposition necessary for this embodiment can be per 
formed when the distance between the deposition source and 
the deposition target surface is about 500 mm or more. In the 
?rst deposition step, a material selected from gold, silver, 
platinum, palladium, nickel, aluminum, cobalt, chromium, 
rhodium, copper, tungsten, tantalum, carbon, and alloys 
thereof is deposited one or more times. A plurality of depo 
sition operations may be performed to form a two-layer struc 
ture such as depositing chromium and then depositing gold. 
The thickness of the ?rst electrode lower portion 22 obtained 
by the ?rst deposition step is arbitrary insofar as electric 
conductivity can be achieved. For example, when selecting 
gold as the material for the ?rst electrode lower portion 22, the 
thickness of the ?rst electrode lower portion 22 may be set at 
5 nm or more. 

(4) First Lift-Off Step 
The ?rst lift-off step is carried out using a known method. 

In this step, a stripper suitable for the material for the resist 
pattern 60 is used. This step causes the ?rst electrode lower 
portion 22 to be formed while removing a sacri?ce electrode 
22a formed on the resist pattern 60 (see FIG. 5). 

(5) Second Resist Pattern Formation Step 
A second resist pattern is formed using a known method 

such as photolithography. A resist pattern (not shown) for 
forming the second electrode 30 and the ?rst electrode upper 
portion 24 is formed by this step. An opening in the resist 
pattern is formed to cross the end (portion which serves as one 
of the nanogap electrodes) of the ?rst electrode lower portion 
22 obtained by the above step. The thickness of the resist 
pattern is arbitrary. 

(6) Second Deposition Step 
The second electrode 30 is formed by the second deposi 

tion step. The ?rst electrode upper portion 24 is formed when 
forming the second electrode 30 (see FIG. 2). This step may 
be carried out using a known deposition device. This step is 
carried out using oblique deposition. As shown in FIG. 2, 
when the angle formed by the deposition target surface and a 
travel direction of particles evaporated from the deposition 
source is referred to as 62, the insulating substrate 10 is 
disposed so that 0°<62<61'<90o is satis?ed when 61'<90°, 
and 0°<62<90o is satis?ed when 90°§61'. The end (i.e., 
portion which faces the ?rst electrode 20) of the second 
electrode 30 is formed by this step. The ?rst electrode upper 
portion 24 is also formed by this step. It is preferable to 
increase the distance between the deposition source and the 
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deposition target surface during deposition since the parallel 
ism of the travel path of the deposition particles increases in 
the same manner as in the ?rst deposition step. The distance 
between the deposition source and the deposition target sur 
face varies depending on the device used. Deposition can be 
performed without causing a problem when the distance 
between the deposition source and the deposition target sur 
face is about 500 mm or more. In the second deposition step, 
a material selected from gold, silver, platinum, palladium, 
nickel, aluminum, cobalt, chromium, rhodium, copper, tung 
sten, tantalum, carbon, and alloys thereof is deposited one or 
more times. 

The interelectrode gap 40 is formed utiliZing the shadow of 
the ?rst electrode lower portion 22 formed by deposition 
particles during oblique deposition in the second deposition 
step. Therefore, an interelectrode gap 40 having a desired 
electrode-to-electrode distance G can be obtained by adjust 
ing at least one of the thickness of the ?rst electrode lower 
portion 22 and the oblique deposition angle 62 in the second 
deposition step. Therefore, it is desirable that the thickness of 
the second electrode 30 obtained by the second deposition 
step be smaller than the thickness of the ?rst electrode 20. 

(7) Second Lift-Off Step 
The second lift-off step is carried out using a known 

method. In this step, a stripper suitable for the material of the 
resist pattern is used. This causes the ?rst electrode 20 and the 
second electrode 30 to be formed, whereby nanogap elec 
trodes are obtained. 

(8) Electric Field Separation Step 
The nanogap electrodes thus obtained may be short-cir 

cuited. Therefore, this step may be carried out, if necessary. 
The electric ?eld separation step may be carried out using a 
method described in Appl. Phys. Lett., 75 (1999) 301. FIG. 6 
is a schematic view showing a circuit when performing the 
electric ?eld separation step. A variable resistor Rv, a ?xed 
resistor Rc, and a power supply are connected in series with 
the short-circuited electrodes. The ?xed resistor Rc is pro 
vided to prevent a situation in which a current in an amount 
equal to or larger than the desired amount ?ows to break the 
electrodes. The amount of current necessary for separating 
the electrodes is several to several tens of milliamperes (mA). 
The resistance of the variable resistor Rv is slowly reduced 
from the initial value (high resistance) and the adjustment is 
stopped when the ?ow of current has stopped, whereby nan 
ogap electrodes (i.e., switching element 100) having a desired 
electrode-to-electrode distance G can be obtained. 

(9) Sealing Step 
This step is carried out using known hermetic seal technol 

ogy. This step may be carried out with ceramic sealing, glass 
sealing, plastic sealing, or metal cap sealing, and may be also 
be carried out in a desired atmosphere. 

3. Effects 

The switching element 100 according to this embodiment 
has a very simple structure and can perform stable and 
repeated switching operations. Speci?cally, the switching 
element 100 according to this embodiment has a very simple 
structure in which the switching element 100 includes only 
the nanogap electrodes and does not require other organic 
molecules or inorganic particles. Since the switching element 
100 according to this embodiment does not include a sub 
stance which deteriorates, the switching element 100 can 
stably perform repeated switching operations. Moreover, the 
switching element 100 according to this embodiment is non 
volatile. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
4. Switching Operation 

An example of the operation of the switching element 100 
according to this embodiment is described below. FIG. 7 
schematically shows an example of a current-voltage curve of 
the switching element 100. In FIG. 7, the horizontal axis 
indicates a voltage applied between the nano gap electrodes of 
the switching element 100, and the vertical axis indicates 
current. FIG. 7 contains symbols A to H and 0 for conve 
nience. FIG. 8 schematically shows the sequence of the volt 
age applied between the nanogap electrodes of the switching 
element 100. In FIG. 8, the horizontal axis indicates the 
elapsed time, and the vertical axis indicates the applied volt 
age. 
As shown in FIG. 7, since the current-voltage curve of the 

switching element 100 is symmetrical with respect to the 
point 0, the voltage applied to the switching element 100 and 
the current do not depend on the polarity of the switching 
element 100. The following description focuses on the right 
portion (i.e., voltage is positive) of FIG. 7. Description of the 
portion in which the voltage is negative is omitted. The 
switching operation relating to the portion in which the volt 
age is negative corresponds the case where the polarity is 
reversed. In the region shown in FIG. 7 which passes through 
the point B between the point A (voltage when the resistance 
is minimum) and the C point, the switching element 100 
shows a negative resistance effect whereby the resistance 
increases as the applied voltage increases. In this region, the 
state of the switching element 100 changes depending on the 
applied voltage. This voltage region is hereinafter referred to 
as a transition region. When the voltage in the transition 
region is instantaneously changed to a value around the point 
0 (value between the point A and the E point in practice) (the 
operation of instantaneously changing the voltage to a value 
around the point 0 is hereinafter referred to as “voltage-cut 
operation”), the resistance corresponding to the voltage 
applied to the element immediately before cutting the voltage 
can be obtained. The resistance of the element decreases as 
the voltage in the transition state which determines the resis 
tance is set closer to the point A, and decreases as the voltage 
is set to be higher than the point A (the voltage dependence of 
the resistance in the transition region is described later in “5. 
Examples” with reference to FIG. 14). The point B in the 
transition region indicates a point at which an intermediate 
state between a state in which the resistance is low (herein 
after referred to as “ON state”) and a state in which the 
resistance is high (hereinafter referred to as “OFF state”) after 
the voltage-cut operation. The voltage at the low-voltage-side 
edge (around the point A) of the transition region is referred to 
as a threshold voltage. A value aron the point A is de?ned 
as the threshold value because the threshold value (i.e., volt 
age at which the minimum element resistance can be obtained 
in the transition region) does not necessarily coincide with the 
point A shown in FIG. 7 and may differ to some extent from 
the point A depending on the operating voltage, the measure 
ment environment, and the like. 
An example of a method of operating the switching ele 

ment 100 is described below. A state I in which the voltage is 
instantaneously cut is obtained by applying a rectangular 
pulse indicated by I in FIG. 8. The applied voltage of the 
rectangular pulse I corresponds to the point C which is higher 
in voltage than the point B in the transition region in FIG. 7. 
It is desirable that the rectangular pulse width be 1 ns or more. 
A state in which the voltage is cut to about 0 is the region I 
shown in FIG. 8. The region I corresponds to the region 
around the point 0 in FIG. 7. In this case, when a low voltage 
indicated as a measurement voltage in FIG. 7 is applied, a 
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current does not follow the curve D in FIG. 7 and has an 
extremely small current value. Speci?cally, the OFF state is 
obtained. A state L in which the voltage is cut is then obtained 
by applying a rectangular pulse indicated by K in FIG. 8. The 
applied voltage of the rectangular pulse K corresponds to a 
voltage around the threshold voltage lower than the point B in 
the transition region in FIG. 7. It is desirable that the pulse 
width of the rectangular pulse K be 100 ns or more. When a 
low voltage is applied in a region L and the current value is 
measured, a current follows the curve D in FIG. 7 (i.e., current 
?ows through the element). Speci?cally, the ON state is 
obtained. The switching operation is possible since the ele 
ment can be arbitrarily turned ON/OFF depending on the 
voltage applied before the voltage-cut operation. 
When obtaining the ON state, the period in which the 

applied voltage is set at about the threshold voltage is impor 
tant. Speci?cally, it is desirable that the period in which the 
applied voltage is set at about the threshold voltage be 100 ns 
or more. When this condition is satis?ed, a triangular wave 
indicated by N in FIG. 8 may be used instead of the rectan 
gular wave K in order to obtain the ON state. The triangular 
wave N must have a vertex at a voltage higher than the 
thresholdvalue so that the triangular wave N crosses a voltage 
around the threshold voltage. The period in which the applied 
voltage is set to be higher than the threshold voltage is 
adjusted by adjusting a slope Q of the triangular wave N in 
FIG. 8. The ON state is obtained by adjusting the slope Q so 
that the period in which the applied voltage is set at about the 
threshold voltage is 100 ns or more. On the other hand, when 
the period of the triangular wave in which the applied voltage 
is set at about the threshold voltage is very short (in this case, 
it is desirable that the period in which the applied voltage is set 
at about the threshold voltage be 100 ns or less) (i.e., when a 
triangular wave M in FIG. 8 is applied), the element is turned 
OFF. Speci?cally, it is possible to use the triangular wave M 
instead of the rectangular wave 1 in order to obtain the OFF 
state. The value of the vertex of the triangular wave M is set at 
the point C in FIG. 7 in the same manner as the rectangular 
wave 1. The period in which the applied voltage is set at about 
the threshold voltage is adjusted by adjusting the slope of the 
triangular wave M in a region P in FIG. 8. 

The switching element 100 may be driven using various 
sequences other than the above-described rectangular wave 
and triangular wave. 

5. Examples 

As the insulating substrate 10, a silicon substrate coated 
with a silicon oxide layer with a thickness of 300 nm was 
used. The thickness of the ?rst resist pattern was set at 1 
micrometer. The ?rst resist pattern was formed so that the 
width W1 of the ?rst electrode lower portion 22 in the hori 
zontal direction was 100 micrometers. The ?rst electrode 
lower portion 22 was formed by depositing chromium on the 
insulating substrate 10 to a thickness of 2 nm and then depos 
iting gold so that the total thickness was 25 nm. The angle 01 
during oblique deposition in the ?rst deposition step was set 
at 75°. The thickness of the second resist pattern was set at 1 
micrometer. The second resist pattern was formed so that the 
width W2 of the second electrode 30 in the horizontal direc 
tion was 2 micrometers. The second electrode 30 was formed 
by depositing chromium on the insulating substrate 10 to a 
thickness of 2 nm and then depositing gold so that the total 
thickness was 15 nm. Therefore, the total thickness of the ?rst 
electrode 20 was about 40 nm. The angle 02 during oblique 
deposition in the second deposition step was set at 60°. The 
second lift-off step was then carried out. Since the ?rst elec 
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10 
trode 20 and the second electrode 30 of the switching element 
100 in this state were partially short-circuited, the short 
circuited portion was removed by performing the electric 
?eld separation step. The electric ?eld separation conditions 
were as follows. The applied voltage was 1 V, and the resis 
tance of the resistor Rc was 100 ohms. The resistance of the 
variable resistor Rv was gradually decreased from 100 kilo 
hms to 0 ohm so that the amount of current was gradually 
increased. The amount of current when electric ?eld separa 
tion occurred was about 4 mA. The switching element 100 
was thus obtained. The resulting switching element 100 was 
placed in a vacuum chamber. The pressure inside the vacuum 
chamber was about 10—5 Pa. 

FIG. 9A shows an observation result for the switching 
element 100 according to this example using a scanning elec 
tron microscope. The switching element 100 was photo 
graphed at an accelerating voltage of 15 kV using a scanning 
electron microscope S-4300 (manufactured by Hitachi, Ltd.). 
The scanning speed was increased using a heating stage (reso 
lution: about 5 nm). FIG. 9A shows part of the ?rst electrode 
20 (upper side), part of the second electrode 30 (lower side), 
and part of the interelectrode gap 40 (horizontally extending 
dark portion at the center of the photograph). As shown in 
FIG. 9A, the ?rst electrode is positioned close to the second 
electrode at a plurality of points in the interelectrode gap 40. 
A downward bold arrow indicates a portion in which the 
electrodes are closely positioned. Two lines which indicate 
the width of the gap are drawn on the left of each arrow. The 
width of each gap was measured. The distance G between the 
?rst electrode 20 and the second electrode 30 in the observed 
area was about 8 nm. A portion in which the two electrodes of 
the switching element 100 are closely positioned may exist in 
an area other than the observed area. When the electrodes are 
positioned at a shorter distance, the distance cannot be mea 
sured due to the resolution of the microscope. The shortest 
distance between the electrodes was estimated from the resis 
tance. The resistance between the electrodes was about 60 
kilohms when the element was turned ON. Therefore, the 
shortest distance between the electrodes was at least 0.1 nm or 
more based on calculations from the tunneling effect. FIG. 9B 
is a simpli?ed illustration based on the photograph shown in 
FIG. 9A. The ?rst electrode 20 and the second electrode 30 
are located on the insulating substrate 10 and are separated by 
the inter-electrode gap 40. The metal elements are drawn as 
spheres for ease of explanation. However, the sizes of the 
spheres are not necessarily drawn to scale. For example, the 
atomic radius of a chromium atom, which is one example type 
of metal element, may only be approximately 0.14 to 0.17 nm. 

FIG. 10 is a schematic view showing a circuit used to 
evaluate the element characteristics. The evaluation circuit 
was formed by connecting the switching element 100 to a 
micro-prober device in a vacuum chamber. FIG. 11 is a graph 
showing the measurement results for the l-V characteristics 
of the switching element 100 according to this embodiment 
using the circuit shown in FIG. 10. The horizontal axis of the 
graph shown in FIG. 11 indicates the net voltage applied to 
the switching element 100 obtained by subtracting voltage 
across the ?xed resistor Rm from the circuit voltage. In FIG. 
10, the vertical axis indicates a current which ?ows when 
applying each voltage measured using an ammeter. The l-V 
characteristics shown in FIG. 11 were measured as follows. 
The applied voltage was set at 0 V when starting the measure 
ment. The applied voltage was swept to +15 V at a sweep rate 
of +0.2 V/s, swept to —15 V at a sweep rate of —0.2 V/s, and 
swept to +15 V at a sweep rate of +0.2 V/s. This cycle was 
repeated. FIG. 11 corresponds to FIG. 7. 
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In the I-V curve of the switching element 100 according to 
this embodiment shown in FIG. 11, the absolute value of the 
current is maximized when the applied voltage is +4 V and —4 
V. The absolute value of the current rapidly decreases when 
the voltage is higher than +4 V. The absolute value of the 
current rapidly decreases when the voltage is lower than —4 V. 
The switching operation was performed as described in “4. 
Switching operation” utilizing this phenomenon. Speci? 
cally, a voltage (absolute value) of about 4 V was set to be the 
threshold voltage (corresponding to a point around the points 
A, B, E, and F in FIG. 7). 

FIG. 12 is a schematic view of the voltage sequence 
according to this example. In this example, the voltage of the 
pulse which causes the element to be turned OFF was set at 
+10 V. The voltage of the triangular wave which causes the 
element to be turned ON was swept from +9 V to +3 V and 
was cut at +3 V. As shown in FIG. 12, the rectangular pulse I 
at +10 V was applied for 100 ms, and the resistance was 
measured in the region I for about 24 seconds at a measure 
ment voltage of +0.2 V. As indicated by the region K in FIG. 
12, the voltage was swept from +9 V to +3 V over one second 
and then cut. The resistance was measured in the region L for 
about 24 seconds at a measurement voltage of +0.2 V. The 
resistance was measured by performing the above cycle 1000 
times. 

FIG. 13 shows part of the resistance measurement results 
according to this example. In FIG. 13, the horizontal axis 
indicates the elapsed time, and the vertical axis indicates the 
resistance when applying a voltage of +0.2 V. As shown FIG. 
13, the resistance of the switching element 100 according to 
this embodiment in the ON state and the OFF state changed to 
only a small extent from the initial value during the repeated 
ON/OFF operations. The resistance in the ON state and the 
OFF state changed to only a small extent from the initial value 
even after the 1000-cycle measurements. Speci?cally, the 
resistance between the ?rst electrode 20 and the second elec 
trode 30 of the switching element 100 was 10 to 200 kilohms 
in the ON state and was 100 megaohms to 10 gigaohms in the 
OFF state. 

This indicates that the switching element 100 can be arbi 
trarily turned ON/OFF depending on the voltage input from 
the outside. Since the ON/OFF state of the element can be 
maintained after applying the voltage pulse, even if the volt 
age is not applied, the switching element 100 is a nonvolatile 
switching element. 

FIG. 14 is a graph in which the horizontal axis indicates the 
voltage of the pulse which causes the element to be turned 
OFF and the vertical axis indicates the resistance across the 
switching element 100 immediately after applying the pulse. 
With reference to FIG. 12, the horizontal axis of FIG. 14 
indicates the voltage of the 100-ms rectangular pulse I and the 
vertical axis indicates the resistance measured in the region I 
during repeated measurements. As shown in FIG. 14, the 
resistance exceeds 1 megaohm when the voltage of the pulse 
exceeds about +5 V so that the OFF state is achieved. When 
the voltage of the pulse exceeds about +10 V, the resistance 
exceeds 10 gigaohms. When the voltage of the pulse exceeds 
about +13 V, the resistance exceeds 1 teraohm. Speci?cally, 
the switching element 100 is a switching element of which the 
resistance in the OFF state can be arbitrarily set depending on 
the voltage of the pulse which causes the switching element to 
be turned OFF. Since the ON state can obtained at about +4 V, 
the switching element 100 can be arbitrarily set in at least four 
resistance states. Speci?cally, the resistance can be set at 10 
kilohms to 1 megaohm when the switching element is turned 
ON, and can be set at 1 megaohm to 100 teraohms when the 
switching element is turned OFF. The resistance of the 
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switching element using the nanogap electrodes can be set at 
several to 100 kilohms in the ON state, and can be set at 
several hundred kilohms to several gigaohms in the OFF 
state, for example. It is possible to utilize the switching ele 
ment as an element which can generate a relatively low resis 
tance and a high resistance by arbitrarily selecting two states 
from these resistance states. 
As described above, the switching element 100 according 

to this embodiment is a very simple switching element which 
does not use organic molecules, nanoparticles, and the like. 
Moreover, the switching element 100 can repeat switching 
operations in an extremely stable manner. Speci?cally, the 
switching element 100 according to this embodiment is a 
nonvolatile switching element which has a very simple struc 
ture and can perform stable and repeated switching opera 
tions. 
The invention claimed is: 
1. A switching element comprising: 
an insulating substrate; 
a ?rst electrode arranged on a surface of the insulating 

substrate; and 
a second electrode arranged on the surface of the insulating 

substrate, wherein: 
a gap is present between the ?rst electrode and the second 

electrode, 
a distance G is a closest distance across the gap between 

any point on the ?rst electrode and any point on the 
second electrode, 

the distance G varies as metal elements, no smaller than an 
atom, of at least one of the ?rst electrode and the second 
electrode move in response to a voltage being applied 
between the ?rst and second electrodes, and 

the distance G remains less than 50 nm and greater than 0.1 
nm. 

2. The switching element as de?ned in claim 1, wherein the 
switching element is placed in an ON state by decreasing the 
distance G. 

3. The switching element as de?ned in claim 2, wherein 
when the switching element is in the ON state, current ?ows 
between the ?rst electrode and the second electrode via quan 
tum tunneling. 

4. The switching element as de?ned in claim 3, wherein 
when the switching element is in the OFF state, current ?ows 
between the ?rst electrode and the second electrode via quan 
tum tunneling. 

5. The switching element as de?ned in claim 2, wherein the 
switching element is placed in an OFF state by increasing the 
distance G. 

6. The switching element as de?ned in claim 5, wherein a 
resistance between the ?rst electrode and the second elec 
trode is approximately: 

1 kiloohm to 1 megaohm when the switching element is in 
the ON state, and 

1 megaohm to 100 teraohms when the switching element is 
in the OFF state. 

7. The switching element as de?ned in claim 5, wherein the 
switching element is selectively placed in the OFF state by 
increasing the voltage being applied above a threshold volt 
age. 

8. The switching element as de?ned in claim 7, wherein, 
after being placed in the OFF state, the switching element is 
maintained in the OFF state by decreasing the voltage being 
applied below the threshold voltage. 

9. The switching element as de?ned in claim 8, wherein the 
switching element is selectively placed in the ON state by 
increasing the voltage being applied above the threshold volt 
age. 
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10. The switching element as de?ned in claim 9, wherein, 
after being placed in the ON state, the switching element is 
maintained in the ON state by decreasing the voltage being 
applied below the threshold voltage. 

11. A switching element comprising: 
an insulating substrate; 
a ?rst electrode provided on the insulating substrate; and 
a second electrode provided on the insulating substrate to 

have an interelectrode gap between the ?rst and second 
electrodes, a distance G between the ?rst and second 
electrodes being 0 nm<G§ 50 nm, 

the distance G being changed by moving metal elements, 
no smaller than an atom, that form at least one of the ?rst 
electrode and the second electrode by applying a ?rst 
voltage between the ?rst and second electrodes, wherein 
the ?rst voltage is higher than a threshold voltage, and 
wherein G remains greater than zero such that separation 
between the ?rst electrode and the second electrode is 
maintained; 

a resistance between the ?rst and second electrodes being 
set to a ?rst resistance when the distance G is decreased; 

the resistance between the ?rst and second electrodes being 
set to a second resistance when the distance G is 
increased, wherein the second resistance is higher than 
the ?rst resistance; 

when the voltage applied between the ?rst and second 
electrodes is changed from the ?rst voltage to a second 
voltage and the resistance between the ?rst and second 
electrodes is the ?rst resistance, the resistance between 
the ?rst and second electrodes is maintained at the ?rst 
resistance, wherein the second voltage is lower than the 
threshold voltage; 

when the voltage applied between the ?rst and second 
electrodes is changed from the ?rst voltage to the second 
voltage and the resistance between the ?rst and second 
electrodes is the second resistance, the resistance 
between the ?rst and second electrodes is maintained at 
the second resistance; 

the resistance between the ?rst and second electrodes being 
the ?rst resistance when the switching element is in an 
ON state; and 
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the resistance between the ?rst and second electrodes being 

the second resistance when the switching element is in 
an OFF state. 

12. The switching element as de?ned in claim 11, 
wherein the distance G remains within 0.1 nszzZO nm. 
13. The switching element as de?ned in claim 11, 
wherein a material for the ?rst electrode is at least one 

material selected from gold, silver, platinum, palladium, 
nickel, aluminum, cobalt, chromium, rhodium, copper, 
tungsten, tantalum, carbon, and alloys thereof. 

14. The switching element as de?ned in claim 11, 
wherein a material for the second electrode is at least one 

material selected from gold, silver, platinum, palladium, 
nickel, aluminum, cobalt, chromium, rhodium, copper, 
tungsten, tantalum, carbon, and alloys thereof. 

15. The switching element as de?ned in claim 11, 
wherein at least one of the ?rst electrode and the second 

electrode has a multilayer structure. 
16. The switching element as de?ned in claim 11, 
wherein the ?rst resistance is 1 kiloohm to 1 megaohm, and 
wherein the second resistance is 1 megaohm to 100 terao 

hms. 
17. The switching element as de?ned in claim 11, further 

comprising: 
a sealing member that encompasses at least the interelec 

trode gap. 
18. The switching element as de?ned in claim 17, 
wherein a pressure inside the sealing member is 2><105 Pa 

or less. 

19. The switching element as de?ned in claim 11, wherein 
when the switching element is in the ON state, current ?ows 
between the ?rst electrode and the second electrode via quan 
tum tunneling. 

20. The switching element as de?ned in claim 19, wherein 
when the switching element is in the OFF state, current ?ows 
between the ?rst electrode and the second electrode via quan 
tum tunneling. 
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